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Summary
Objectives: Optimal matrix metabolism by articular chondrocytes is controlled by the ‘set-point’ volume which is determined mainly by
membrane transporters. The signal transduction pathway(s) for the key membrane transporter which responds to cell swelling (‘osmolyte
channel’) and mediates regulatory volume decrease (RVD) is poorly understood, so here the role of Ca2þ and the effects of 2D culture
have been clariﬁed.
Methods: Changes to the volume and intracellular calcium levels ([Ca2þ]i) of freshly isolated and 2D cultured bovine articular chondrocytes
subjected to hypotonic challenge using a 43% reduction in medium osmolarity were studied by single-cell ﬂuorescence microscopy. The ef-
fects of ethylene glycol tetraacetic acid (EGTA), REV5901 and Gd3þ were studied and the role of Ca2þ inﬂux determined by Mn2þ quench.
Results: In freshly isolated cells,w50% of chondrocytes exhibited ‘robust RVD’ (6[120]). RVD was inhibited by REV 5901 (4  2% respond-
ing) (3[23]) and 2 mM EGTA (18  5% responding) (4[166]) whereas Gd3þ had no effect (3[89]). The hypotonic challenge resulted in a Gd3þ-
insensitive rise in [Ca2þ]i that did not correlate with RVD in all cells. Following 2D culture, chondrocytes also demonstrated Gd
3þ-insensitive
RVD, but in contrast, the [Ca2þ]i rise was blocked by this agent.
Conclusions: The data suggested that in freshly isolated and 2D cultured chondrocytes, the rise in [Ca2þ]i occurring during hypotonic
challenge could be related to RVD, but only in some cells. However, with 2D culture, the Ca2þ response switched to being Gd3þ-sensitive,
suggesting that as a result of changes to chondrocyte shape, stretch-activated cation channels although present, do not appear to play a role
in volume regulation.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Articular cartilage is found on the surfaces of movable joints
where it protects the underlying bone from the shearing and
compressive forces generated by joint articulation1. In order
to fulﬁl its load-bearing role, cartilage is principally com-
prised of collagen (mainly type II), proteoglycans (mainly
aggrecan) and interstitial ﬂuid, arranged in a complex extra-
cellular matrix (ECM)2. The mechanical properties of the
matrix are regulated by the only resident cell type, chondro-
cytes, which are entirely responsible for the synthesis and
breakdown of the matrix constituents in response to their
physico-chemical environment3,4. Due to the complexity of
the chondrocytes’ environment and the changes that occur
during loading, the exact nature of the various stimuli and
the cellular responses they initiate remains unclear and
thus are still a key area of cartilage research5e7.
As a result of joint loading there are potentially several
signals and any, or all of these could be ‘sensed’ by the
cells and subsequently act as a signal for the regulation
of matrix turnover. These include, ﬂuid ﬂow/streaming po-
tentials, load (dynamic and static), hydrostatic pressure,*Corresponding author: School of Biosciences, Department of
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312changes in tissue osmolarity and direct mechanical mem-
brane deformation3. Each of these have been shown to me-
diate changes in intracellular calcium [Ca2þ]i which may be
the ﬁrst signalling event in response to these mechanical
signals. For example, rapid ﬂuid ﬂow has been shown to
mobilise [Ca2þ]i from an IP3-sensitive store and activate
G-proteins in cultured bovine articular chondrocytes8,9. Si-
nusoidal ﬂuid ﬂow has also been shown to raise [Ca2þ]i
where the maximum rise could not be altered by fre-
quency10. Mechanical perturbation (utilising a 1 mm pipette)
can initiate a gadolinium (Gd3þ)-sensitive, extracellular
[Ca2þ]o-dependent communicable Ca
2þ wave that was
not blocked by inhibitors of intracellular store release or
by disruption of the cytoskeleton11,12. Pressure-induced
strain experiments resulted in chondrocyte hyperpolarisa-
tion due to the activation of apamin-sensitive Ca2þ-depen-
dent Kþ channels following an increase in [Ca2þ]i through
stretch-activated Gd3þ-sensitive channels13,14. In addition,
intermittent hydrostatic pressure as well as stimulating ma-
trix synthesis15 can transiently raise [Ca2þ]i in cultured
chondrocytes16e18. Finally, changes in extracellular osmo-
larity as well as inhibiting matrix synthesis have been shown
to initiate a rise in [Ca2þ]i in human, bovine, avian and por-
cine articular chondrocytes which in some cases have been
linked to volume-regulatory processes19e22.
One problem with interpreting these results (and in
particular those relating to volume regulation) is that
these experiments are frequently performed on short-term
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niﬁcant changes in morphology. Despite this fact, the chon-
drocytes still produce an ECM comprising principally of
collagen II andaggrecanandare thus referred toasbeing ‘dif-
ferentiated’14,23. Associated with the shape change, there is
an increase in cell volume and a re-organisation of actin cyto-
skeleton, which in previous studies, have been shown to in-
ﬂuence the capacity for volume regulation. For example, in
Ehrlich ascites tumour cells, a pre-incubation with cytochala-
sin B (thus depolymerising the actin cytoskeleton) inhibited
regulatory volume decrease (RVD)24 where actin polymeri-
sation by jasplakinolide has been shown to inhibit regulatory
volume increase (RVI) in kidney medulla cells25. Recently,
we have shown that RVI in articular chondrocytes can be
stimulated by actin depolymerisation and short-term mono-
layer culture26 and that the rate of RVD in freshly isolated
chondrocytes can be increased following Latrunculin B treat-
ment27. These studies suggest that changes in cell shape,
probably involving the organisation of the actin cytoskeleton
can inﬂuencemembrane transporter activity and in particular
those involved with volume regulation potentially mediated
via a change in the calcium response.
RVD mediates the loss of osmolytes with associated
water resulting in recovery of cell volume towards a prede-
ﬁned set-point28. In chondrocytes, RVD is mediated primar-
ily by an ‘osmolyte channel’ resulting in the efﬂux of a broad
range of osmolytes including taurine, sorbitol and Kþ poten-
tially mediated by a change in [Ca2þ]i
29,30. The exact mech-
anism for RVD still remains to be elucidated but recent work
has suggested a role for [Ca2þ]i inﬂux through either a tran-
sient receptor potential vanilloid channel (TRPV) or stretch-
activated calcium channels linked to changes in the actin
cytoskeleton23,31. The role of [Ca2þ]i in RVD has been stud-
ied in many other cell types, for example in rat and chicken
osteocytes a decrease in osmolarity results in a calcium in-
ﬂux via a gadolinium sensitive L-type calcium channel
whose inhibition signiﬁcantly attenuated RVD32. Con-
versely, in rat cerebellar granule neurons complete inhibi-
tion of the hypotonic [Ca2þ]i rise had no effect on the
capacity for RVD33,34. It is important to remember that
data acquired using gadolinium to study stretch-activated
channels (SAC) should be interpreted with caution as it
has been shown to inhibit both L-type and N-type calcium
channels as well as purine P2X channels35,36. Furthermore,
some SACs are in fact Gd3þ insensitive including those
found in rat astrocytes37 and in snail (Lymnaea) neurones38
and it has also been shown to bind and subsequently se-
questers anions in experimental media, including: phos-
phate, carbonate, and sulphate39. It is clear that the role
of [Ca2þ]i in RVD may be dependent upon cell type and
this remains to be elucidated in articular chondrocytes.
The aim of this study is to determine the role of [Ca2þ]i in
articular chondrocyte volume regulation and the effect of
short-term monolayer culture on RVD.
Using single-cell ﬂuorescent microscopy (SCFM), RVD
and intracellular calcium levels of single isolated chondro-
cytes were studied in response to a hypotonic challenge.
Fluorescent microscopy as opposed to confocal microscopy
was used, as the reduced illumination power required for
ﬂuorescent imaging permitted longer continuous visualisa-
tion and measurement of cells without cell death. Data
show in response to a hypotonic challenge w60% of cells
exhibit a rise in [Ca2þ]i and have the capacity for RVD.
The mechanism for the rise in [Ca2þ]i did not appear to cor-
relate to RVD in all cells, however, following short-term
monolayer culture, the mechanism of the [Ca2þ]i rise
changed from one that was insensitive to Gd3þ to onethat was. Interestingly, Gd3þ did not inhibit RVD in short-
term monolayer culture. The change in Gd3þ sensitivity
appears to be directly linked to cell shape and highlights
a fundamental change as a result of short-term monolayer
culture.Materials and methodsBIOCHEMICALS AND EXPERIMENTAL SOLUTIONSFura-2 AM (acetoxymethyl) was obtained from Molecular Probes, PoortGe-
bouw, TheNetherlands, in 100mgaliquots andaworking solution of (1mM)pre-
pared in dimethylsulphoxide (DMSO). Calcein AM was obtained from
Cambridge Biosciences, Cambridge, UK, and a stock solution prepared (1
mM inDMSO).REV5901 (a-pentyl-3-(2-quinolinymethoxy) benzenemethanol)
was purchased from Calbiochem-Novabiochem, Nottingham, UK. Gadolinium
chloride (GdCl3), a blocker of chondrocyte stretch-activated ion channels
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prepared as a stock solution (10 mM) in the appropriate experimental saline.
Dantrolene (an inhibitor of intracellular Ca2þ store release) was prepared as
a stock solution of 3 mM in DMSO. This and all other biochemicals were ob-
tained from Sigma-Aldrich, Poole, UK. For cartilage isolation, a serum-free
Dulbecco’s Modiﬁed Eagle’s Medium (DMEM) with penicillin (100 uni-
ts ml1) and streptomycin (50 mgml1) was used [pH 7.4; 280 mOsm (kg
H2O)
1; hereafter abbreviated to mOsm]. For long-term, 2D cultured chon-
drocytes, the same medium was used including 10% v/v foetal calf serum
(FCS; Gibco, Paisley, UK) and 50 mgml1 ascorbic acid (380 mOsm; pH
7.4; ‘supplemented DMEM’). The ethylenediaminetetraacetic acid (EDTA)-
trypsin solution used during preparation of two-dimensional (2D) cultured
cells for experiments was purchased from Gibco, Paisley (Cat. No.
25300-054). When required (during cell isolation and culture) the osmolarity
of the DMEM was increased to 380 mOsm by addition of NaCl40. Experi-
ments were performed using a ‘control saline’ comprising (in mM): NaCl
(170); KCl (5); CaCl2 (1); MgCl2 (1); glucose (10); 4-(2-hydroxyethyl)piper-
azine-1-ethanesulfonic acid (HEPES) (15); pH 7.4; 380 mOsm). When a hy-
potonic challenge was applied, a saline of 220 mOsm was used such that
the NaCl concentration was reduced to decrease the osmolarity with other
constituents maintained at the same concentration (termed the ‘hypotonic
saline’). Five other salines were used (1) a Ca2þ-free saline was prepared
with no added Ca2þ but with 2 mM ethylene glycol tetraacetic acid (EGTA)
(pH 7.4), (‘Ca2þ-free saline’), (2) a control saline including 100 mM GdCl3
(‘Gd3þ saline’), (3) the control saline with 50 mM REV 5901 (‘REV 5901
saline’), (4) the control saline with 30 mM dantrolene (‘dantrolene saline’),
(5) the control saline containing 20 mM CaCl2, but with the NaCl concen-
tration decreased to maintain the correct osmolarity), (‘high Ca2þ-saline’).
To determine whether Ca2þ inﬂux had occurred during osmotic challenge,
the Mn2þ quench technique was used where the CaCl2 in the ‘control
saline’ was substituted for 1 mM MnCl2 (‘Mn
2þ-saline’). Osmolarity was
measured using a Vapro vapour pressure osmometer with all solutions
prepared to  5 mOsm. The pH was adjusted using NaOH to 7.4  0.02
and all experiments were performed at 37C.CARTILAGE REMOVAL, CHONDROCYTE ISOLATION
AND CULTUREBovine articular cartilage was obtained from load-bearing surfaces of the
metacarpalephalangeal joints of animals (w30 months) on the day of
slaughter obtained from the local abattoir. For experiments on isolated chon-
drocytes, full depth explants from load-bearing regions were excised into,
and then washed 2 in 280 mOsm DMEM, and cultured at 37C; 95:5%
air:CO2 until required (within 96 h). Chondrocytes were isolated from carti-
lage explants using a standard technique40. Brieﬂy, explants were incubated
in 380 mOsm DMEM containing collagenase (Sigma Type I; 1.0 mg/ml) for
w18 h at 37C. The osmolarity of the medium was increased to limit any
swelling of the chondrocytes that might occur when the cells were released
from the matrix40. The digest was then passed through a tea strainer and
then a 40 mm mesh size nylon ﬁlter to remove undigested material and
any large cell clumps. The chondrocytes were then washed 2 by centrifu-
gation (10 min, 20C, 600  g), re-suspended in 380 mOsm DMEM and then
plated onto autoclaved 22 mm, type ‘0’ glass coverslips (contained within
stainless steel rings and sealed with silicon sealant) under sterile conditions
and used within 5 h.
Chondrocytes to be maintained in longer-term 2D culture were isolated as
described above. After the second wash, the cells were re-suspended in
‘supplemented DMEM’ (for composition, see above) and gently triturated us-
ing a pipette. The suspension was then plated onto 25 cm3 ﬂasks at a density
of 1.2  105 cells/cm2 and incubated at 37C 95:5 air:CO2 for 10e18 days.
The media were changed when required (typically every 2 days). Prior to ex-
perimentation, the cells were passaged to a low conﬂuency to permit the im-
aging of single cells. Brieﬂy, the supplemented media was removed and the
cells washed gently with 3 ml of Versene (Ca2þ-free solution; 380 mOsm with
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added (osmolarity raised to 380 mOsm), and the ﬂask incubated at 37C
for 2e5 min. This caused cell rounding and their release from the plastic.
The suspension was then diluted with DMEM (1:45; 380 mOsm) and washed
by centrifugation (8 min; 700  g) and re-suspended in ‘supplemented
DMEM’. The suspension was then aliquotted onto 22 mm diameter, type
‘0’ glass coverslips as described above under sterile conditions and used
as required (usually within 18e24 h).LOADING OF FLUORESCENT DYESThirty minutes before an experiment, the chondrocytes were incubated
with either fura-2 AM (5 mM) or calcein AM (5 mM). The non-ﬂuorescent
AM form of the dyes diffuses rapidly across the plasma membrane and the
AM ester-group is cleaved by intracellular esterases resulting in the release
of the cell-impermeant ﬂuorescent form41. For freshly isolated chondrocytes,
this period also allowed the cells to attach to the glass coverslips. The
cultured cells were passaged for w18 h before dye loading and so were
already attached. After cell attachment, the coverslips were gently washed
2 with the appropriate control saline to remove any un-incorporated dye
and non-attached/loosely attached cells.MEASUREMENT OF CHONDROCYTE VOLUME AND
INTRACELLULAR CALCIUM ([Ca2þ]I)The coverslips contained within the stainless steel rings were placed in
a temperature-controlled plate and positioned on the stage of an inverted Ni-
kon microscope. The cells were then viewed using an oil-immersion 40 ob-
jective and focused to give a clear image close to the mid-plane of the cells.
The chondrocytes were perfused continuously (w2 ml min1) with the appro-
priate saline and maintained throughout at 37C. For fura-2, a ﬂuorescent im-
age was obtained by exciting the dye alternately at 358 nm (isosbestic point
[Ca2þ]i insensitive; volume-sensitive wavelength) and 380 nm ([Ca
2þ]i sensi-
tive, volume-sensitive wavelength) at 0.4 Hz through a 400 nm dichroic mir-
ror, and emission measured at 515 nm. For calcein, the dye was excited at
495 nm (volume-sensitive wavelength) and emission measured at 525 nm
through a 510 nm dichroic mirror. To increase the sharpness of the image
and consequently reduce experimental noise, four rapid concurrent images
were taken and averaged to give a ratio at that given time point27. These
were taken using an 8-bit video camera (Photon Technology International,
PTI) linked to a computer running PTI Imagemaster v.1.4 software. Typi-
cally, chondrocytes were perfused forw2 min in ‘control saline’ for a steady
baseline recording, and during this time, regions of interest (ROIs) were de-
ﬁned around appropriate individual cells. The ROIs determined the areas
within a ﬁeld of view from which photometric data were collected.
When an optical section (w2 mm in height) close to the mid-plane of a cell
is studied, alterations in cell volume contained within this section are in-
versely proportional to a change in ﬂuorescence when recorded at a single
wavelength as the dye is effectively diluted42. It should, however, be noted
that not all the dye is located within the osmotically active space, and thus
this technique is a convenient qualitative measure of volume-regulatory be-
haviour as discussed previously42. The ﬂuorescence emission measured
when fura-2 was excited alternately at 358/380 nm is a measure of the intra-
cellular free calcium concentration ([Ca2þ]i), whereas that measured at 358
nm (Ca2þ-insensitive wavelength) reﬂects cell volume. Thus, when a chon-
drocyte swells in response to a hypotonic challenge, the individual 358 nm
and 380 nm signal intensities decrease (as would the single 488 nm signal
for calcein) due to the dilution of the dye within the single-plane ROI. How-
ever, the ratio would remain constant as long as there were no changes in
[Ca2þ]i (as both signals would decrease proportionally) but would change if
there were an alteration in [Ca2þ]i. Thus, during a rise in [Ca
2þ]i in response
to a hypotonic shock, the denominator (380 nm; measure of [Ca2þ]i) would
decrease more than the nominator (358 nm; Ca2þ insensitive) resulting in
a rise in the overall ratio. A chondrocyte was deﬁned as exhibiting a rise in
[Ca2þ]i if the 358/380 nm ratio increased 10% over baseline values. To de-
termine the role of Ca2þ-permeable channels during hypotonic challenge, the
Mn2þ quench technique was used which utilises the fact that Mn2þ can per-
meate these channels and quench intracellular fura-2 ﬂuorescence43. Chon-
drocytes were perfused with an iso-osmotic ‘Mn2þ-saline’ (no added Ca2þ,
no EGTA; Mn2þ ¼ 1 mM) for 2 min and then the saline switched to deliver
43% hypotonic challenge by perfusion also in the presence of Mn2þ. If
Ca2þ-permeable channels were activated, then inﬂux of Mn2þ through these
channels would result in a reduction to the emission (EM ¼ 515 nm) from
fura-2 at both excitation wavelengths (358 and 380 nm).
To measure volume-regulatory behaviour, the initial average resting ﬂuo-
rescence (measured as ﬂuorescence units, Fui) of individual chondrocytes
was obtained during perfusion with the control medium for typically 2 min
and was standardised to 1.00. A standard hypotonic challenge was then
rapidly applied by perfusion with osmolarity being reduced from 380 to 220
mOsm (approx. 43% decrease) as indicated in the ﬁgures. A challenge of
43% was used as a similar osmotic challenge has been shown to stimulate
a robust RVD response in in situ chondrocytes29,44. The hypotonic challengecaused a rapid fall in the ﬂuorescence signal corresponding to cell swelling
leading to a maximum change in volume (VOLmax). In some cells, this initi-
ated RVD such that ﬂuorescence recovered relatively quickly towards the
control level. Cells demonstrating RVD (i.e., ‘responding’ cells) were deﬁned
as those that had recovered volume by 50% 10 min after VOLmax. Other
cells which did not fulﬁl this criterion were termed ‘non-responding’ cells. Lin-
ear regression analysis was performed on the change in ﬂuorescence during
recovery of cell volume after osmotic challenge. This was then used to cal-
culate the rate of RVD, which was expressed as t in units of Fu min1
(Fu ¼ ﬂuorescence units), where the t was the time taken for ﬂuorescence
to recover by 50% from the ﬂuorescence minimum at VOLmax after the hypo-
tonic challenge. Changes to [Ca2þ]i following osmotic challenge were ex-
pressed as the ratio of the ﬂuorescence emission (EX ¼ 358:380 nm)
obtained during the experiment. A rise in [Ca2þ]i was taken as a decrease
in the Ca2þ-sensitive fura-2 emission ﬂuorescence by 10% and is shown
by an increase in the EX ¼ 358/380 nm emission.CHONDROCYTE MORPHOLOGYChondrocytes were isolated or cultured as previously described and 30min
prior to experimentation, cells were incubated with calcein AM (5 mM). Images
were acquired by confocal laser scanning microscopy (CLSM) using a Zeiss
Axioskop LSM 510 confocal system as previously described27,29,44. Images
were acquired using a 63 water-immersion lens at a resolution of 1024 
1024 pixels and a z-step of 0.5 mm. Intracellular calcein was excited using an
argon laser (EX ¼ 488 nm) with an emission bandpass of 510e525 nm. All
images were acquired at 0.6 Hz and the power output of the laser adjusted to
ensure sufﬁcient ﬂuorophore excitation with no saturation of the emission sig-
nal. All imageswere acquired using an optimal pinhole size calculated tomatch
the size of the Airy unit for the objective. The acquired 3D confocal stacks were
subsequently imported into Bitplane Imaris 5.0 (Bitplane; Netherlands) and
a polygonal iso-surface applied to determine chondrocyte morphology.DATA PRESENTATIONUnless otherwise indicated, data were expressed as the mean and stan-
dard error of the mean (S.E.M.) and statistical analyses performed using
SigmaStat (Jandel Scientiﬁc, Ekrath, Germany). For changes in [Ca2þ]i ﬂuo-
rescence data were extracted from the images and data points pooled every
60  10 s to give a ﬂuorescence value per minute. In order to visualise and
subsequently quantify changes in [Ca2þ]i for individual cells, the ﬂuores-
cence intensity for every image (acquired every 0.5 s) was used. The means
of experiments were compared using Student’s unpaired t tests and a signif-
icant difference was accepted when P < 0.05 or P < 0.001 represented in
the ﬁgures and tables as * or **, respectively. The number of joints (n) and
cells (N ) per experimental group is also given as (n[N]). Regression analyses
were used to calculate the rate of RVD and were performed using SigmaPlot
(Jandel Scientiﬁc, Ekrath, Germany), where an r2 > 0.90 was nominated as
a signiﬁcant ﬁt. Data were plotted using GraphPad Prism 4.0 (GraphPad
Software Inc, San Diego, CA, USA).ResultsFLUORESCENT IMAGES OF FRESHLY ISOLATED AND
CULTURED BOVINE ARTICULAR CHONDROCYTESThe 3D morphology of the chondrocytes used in this
study can be best appreciated using CLSM and imaging
software as shown in Fig. 1 (see Materials and methods
for details). Chondrocytes from bovine articular cartilage
were visualised following isolation into 380 mOsm DMEM
(1) within 5 h, or (2) following 2D culture for up to 2 weeks
and passaged to a low conﬂuency prior to imaging as de-
scribed (see Materials and methods). Freshly isolated chon-
drocytes were spheroidal [Fig. 1(a)], however, with time in
culture, there was a marked change in cell shape in the
majority of the cells such that after w2 weeks the cells
had ﬂattened and spread out on the ﬂask [Fig. 1(b)].VOLUME RESPONSE OF ISOLATED AND 2D CULTURED
BOVINE ARTICULAR CHONDROCYTES TO
HYPOTONIC CHALLENGEThe perfusion of an acute 43% hypotonic challenge
(380e220 mOsm) onto freshly isolated chondrocytes re-
sulted in a rapid increase in cell volume as shown by
Fig. 1. Morphology of freshly isolated and 2D cultured bovine artic-
ular chondrocytes. Chondrocytes from bovine articular cartilage
were isolated into 380 mOsm DMEM and either studied immedi-
ately or incubated in 2D culture (for details see Materials and
methods). For experiments using 2D cultured chondrocytes, cells
were passaged to a low conﬂuency to permit the imaging of single
cells. Aliquots of (a) freshly isolated or (b) 2D cultured chondrocytes
were incubated with 5 mM calcein AM (30 min, 37C) and visualised
by confocal microscopy imaging followed by 3D surface rendering
of the images using Bitplane surface-rendering software as de-
scribed (see Materials and methods).
Fig. 2. (a, b) The rise in [Ca2þ]i did not necessarily correlate with the
ability of chondrocytes to undergo RVD. Freshly isolated bovine ar-
ticular chondrocytes in 380 mOsm control saline were incubated
with fura-2 AM (5 mM; 30 min, 37C) for the simultaneous single-
cell ﬂuorescent measurement of volume and [Ca2þ]i (see Materials
and methods). For (a) volume measurements, the ﬂuorescence
emission at 515 nm was measured following excitation of the dye
at 358 nm (isosbestic point, volume-sensitive, calcium-insensitive
wavelength). The initial resting intensity (Fo) was recorded for w3
min in an isotonic saline (380 mOsm; not shown on ﬁgure) and
then a hypotonic challenge (220 mOsm; 43%) was applied at the
arrow by perfusion, causing a rapid fall in ﬂuorescence. The
maximum increase in volume was indicated by the minimum ﬂuo-
rescence after about 1.5 min as shown (VOLmax). RVD in ‘respond-
ing’ cells was deﬁned as having occurred by the subsequent
recovery of ﬂuorescence (i.e., 50% recovery in cell volume after
10 min). For (b) intracellular Ca2þ measurements, ﬂuorescence
emission at 515 nm was measured following alternate excitation
of the intracellular fura-2 (EX ¼ 358:380 nm) and computation of
the ratio of the emission at the two excitation wavelengths (see Ma-
terials and methods). Ratio data were pooled every 60  10 s to
give a ﬂuorescence value per minute. There was no signiﬁcant dif-
ference (P > 0.05) between the intracellular Ca2þ levels of ‘re-
sponding’ and ‘non-responding’ cells at any of the time points
studied. Data are from at least (3[35]) for each group of cells.
Pooled data for volume and intracellular Ca2þ are given in Table I.
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about 10% [Fig. 2(a)]. The point of minimum ﬂuorescence
occurred after w1.5 min following hypotonic challenge
was deﬁned as the maximum cell volume (VOLmax). For ap-
prox. 50% of the cell population (Table I), there was a pro-
gressive recovery in cell volume resulting from the process
of RVD (‘responding’ cells showing ‘robust’ RVD) which had
restored volume by 50% 10 min after VOLmax. However,
for other cells, there was little recovery in cell volume and
these were termed ‘non-responding’ cells. In standard
saline (1 mM Ca2þ) there was no signiﬁcant difference
between the % of freshly isolated or 2D cultured chondro-
cytes demonstrating RVD, nor in the rate of RVD of
‘responding cells’ in terms of the calculated t1/2 (Table I).
When extracellular Ca2þ was reduced using a Ca2þ-free
medium together with EGTA (2 mM), there was a signiﬁcant
decrease in the % of freshly isolated chondrocytes which
demonstrated RVD, however, there was no signiﬁcant
change to the rate of RVD by the remaining ‘responding’
cells. When the [Ca2þ]o was raised to 20 mM while
maintaining osmolarity as for the control solution (see Mate-
rials and methods) there appeared to be an increase in the% of ‘responding’ cells, however, this was not signiﬁcant,
and the rate of RVD was the same as the control (1 mM
Ca2þ) medium (Table I). Inhibition of intracellular Ca2þ store
release using dantrolene had no signiﬁcant effect on the %
or the t1/2 of ‘responding’ freshly isolated articular chondro-
cytes (Table I). Thus, it would appear that removal of Ca2þ
from the medium markedly reduced but did not abolish the
% of cells demonstrating RVD. On the other hand, raising
the Ca2þ in the medium did not increase the % of chondro-
cytes showing RVD, nor accelerate the rate of RVD. This
Table I
The response of freshly isolated and 2D cultured bovine articular chondrocytes to hypotonic swelling. The volume response of chondrocytes
loaded with fura-2 during an acute osmotic challenge (380e220 mOsm) was determined as described (see Materials and methods). Chon-
drocytes demonstrating RVD (‘responding’ cells) recovered their volume from maximal cell swelling (VOLmax) by 50% after 10 min with
the recovery rates expressed as the t1/2 (in min). There was a significant decrease (P < 0.01) in the % of cells exhibiting RVD in the presence
of EGTA and REV 5901, but in the presence of REV 5901 the t1/2 for RVD was not measurable as there was no significant RVD (P > 0.05).
There was no significant difference between the % of freshly isolated or 2D cultured chondrocytes demonstrating RVD. REV 5901 significantly
reduced (P < 0.05) but did not abolish RVD in 2D cultured chondrocytes. NT indicates not tested. Results shown are given as (n[N])
Saline Freshly isolated cells 2D Cultured cells
% of cells showing RVD (n[N]) t1/2 % of cells showing RVD (n[N]) t1/2
Normal (1 mM Ca2þ) 51  10.4 (6[120]) 6.7  0.63 42  1.1 (3[110]) (N/S) 7.9  1.36
EGTA (2 mM) 18  5.7** (4[166]) 9.1  3.71 NT NT
High calcium (20 mM) 68  12.9 (4[61]) 6.9  0.42 NT NT
Dantrolene (30 mM) 50  14.2 (3[155]) 5.0  0.84 NT NT
Gd3þ (100 mM) 45  4.9 (3[89]) 8.1  0.94 40  7.1 (4[177]) (N/S) 6.5  1.21
REV 5901 (50 mM) 4  2.3** (3[23]) e 14  2.4* (3[154]) 8  2.01
316 M. J. P. Kerrigan and A. C. Hall: Chondrocyte volume regulationsuggests that for some freshly isolated chondrocytes there
might be a requirement for Ca2þ entry as a mediator of the
RVD response. The presence of Gd3þ (100 mM) an inhibitor
of chondrocyte stretch-sensitive ion channels14, had no sig-
niﬁcant effect on the % or the t1/2 of ‘responding’ freshly iso-
lated or 2D cultured chondrocytes (Table I). In contrast,
REV 5901 abolished RVD by freshly isolated chondrocytes
and markedly reduced the % of 2D cultured chondrocytes
showing RVD, although the rate of RVD by the remaining
cells was not signiﬁcantly altered (Table I). Interestingly,
the efﬁcacy of REV 5901 on cultured 2D chondrocytes
was signiﬁcantly less (P < 0.05) when compared to freshly
isolated chondrocytes which may imply during culture the
mechanism for RVD may change.CHANGES TO [Ca2þ]I IN FRESHLY ISOLATED CHONDROCYTE
POPULATIONS IN RESPONSE TO A HYPOTONIC CHALLENGEFig. 3. Factors affecting the intracellular Ca2þ transient of freshly
isolated or 2D cultured chondrocytes during hypotonic challenge.
Intracellular Ca2þ was monitored in freshly isolated or 2D cultured
chondrocytes perfused at 380 mOsm with the media as shown
(see Materials and methods). A 43% hypotonic challenge was ap-
plied, and the % of cells which demonstrated a rise in ﬂuorescence
emission from fura-2 (EX ¼ 358/380) ratio of 10% determined.
There was no signiﬁcant difference between the response of freshly
isolated cells in control (1 mM Ca2þ) medium between the control
freshly isolated chondrocytes and that of the control 2D cultured
chondrocytes. A pre-incubation with Gd3þ had no effect on the %
cells demonstrating a rise for freshly isolated chondrocytes al-
though signiﬁcantly inhibited the rise (P < 0.01) in 2D cultured
chondrocytes. A signiﬁcant inhibition (P < 0.01) in the % of cells
demonstrating a Ca2þ transient occurred in freshly isolated cells
in EGTA-containing medium compared to both cells in control
and in Gd3þ-containing media. Data are from at least (3[89]) at
each condition.In addition to using intracellular fura-2 for measuring vol-
ume changes (EX ¼ 358; EM ¼ 515) it was also possible to
determine whether RVD capacity correlated with changes in
[Ca2þ]i (EX ¼ 358/380; EM ¼ 515; Fig. 2b). The data
showed that w60% of the chondrocytes in the population
responded to the hypotonic challenge with a rapid rise in
[Ca2þ]i (termed a Ca
2þ ‘transient’; Fig. 3) with a time course
that was indistinguishable from the increase in cell volume
as monitored by the fall in fura-2 ﬂuorescence [Fig. 2(a)
and (b)]. The [Ca2þ]i then fell rapidly but over the period of
measurement (10 min), when the data were pooled as in
this ﬁgure, ﬂuorescence emission did not completely re-
cover to the baseline, and remained at about 50% higher
than the value prior to the osmotic challenge [Fig. 2(b)]. It
should of course be remembered that these results reﬂect
the pooled ﬂuorescence values from a large population of
chondrocytes with markedly heterogeneous properties,
and that frequently in individual cells, [Ca2þ]i was observed
to recover. It was possible that a smaller proportion of
2D cultured chondrocytes demonstrated a Ca2þ transient
(Fig. 3) following hypotonic challenge, however, this de-
crease was not signiﬁcant. The presence of Gd3þ in the
perfusion medium during hypotonic challenge had no signif-
icant effect on the Ca2þ transient of freshly isolated cells,
but signiﬁcantly inhibited the Ca2þ rise in 2D cultured chon-
drocytes (Fig. 3). The ﬁnding that the [Ca2þ]i rise in freshly
isolated chondrocytes was signiﬁcantly suppressed in the
low Ca2þ medium, suggested that Ca2þ entry (rather than
release from intracellular stores) might be the major contrib-
utor to [Ca2þ]i rise during hypotonic challenge (Fig. 3). Infreshly isolated cells, the [Ca2þ]i rise was signiﬁcantly
(P < 0.05; data not shown) attenuated in the presence of
REV 5901 or in ‘Ca2þ-free saline’, whereas dantrolene did
not inhibit the rise (or % cells responding) in [Ca2þ]i in
response to the challenge (P > 0.05; 47.7  7.42% cells re-
sponding with a rise of 14.12  1.80%). In 2D cultured chon-
drocytes, the increase in [Ca2þ]i in control saline (1 mM
Ca2þ) was signiﬁcantly inhibited (P < 0.05; data not shown)
in ‘Ca2þ-free saline’. These data suggested that although
the capacity for RVD did not appear to be different between
freshly isolated and 2D cultured chondrocytes, there was
a subtle difference in the [Ca2þ]i response during hypotonic
challenge which was blocked by Gd3þ in 2D cultured cells
but not in freshly isolated chondrocytes.
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AND CHANGES TO [Ca2þ]I IN INDIVIDUAL FRESHLY ISOLATED
CHONDROCYTES DURING HYPOTONIC CHALLENGEThe previous section considered pooled data comprising
many single chondrocytes, and suggested a rather uniform
response of the chondrocyte population to hypotonic chal-
lenge. This could, however, mask the responses of individ-
ual chondrocytes whose behaviour could be informative.
Figure 4(aed) shows the responses of four individual chon-
drocytes to illustrate the range of variations to cell volume
and [Ca2þ]i that were observed during this study. Some
cells showed no evidence of RVD, but either did demon-
strate a change to the [Ca2þ]i or the [Ca
2þ]i remained con-
stant throughout [Fig. 4(a) and (b), respectively]. Other cells
showed a clear RVD response, but in some cases a change
in [Ca2þ]i was apparent, whereas in others there was no
change in [Ca2þ]i [Fig. 4(c) and (d), respectively]. Thus,
close inspection of the individual responses of single chon-
drocytes showed that for some cells, changes to [Ca2þ]i
were not a pre-requisite for activation of the RVD response.
When correlating the changes to [Ca2þ]i to the capacity for
RVD, it was found that 41% of cells exhibited RVD and
a rise in [Ca2þ]i, whereas 25% of cells still exhibited RVD
with no change in [Ca2þ]i. Of the cells that did not exhibit
RVD, it was found that 26% exhibited a rise in [Ca2þ]i
and a ﬁnal 8% neither underwent RVD or a change in
[Ca2þ]i. These data suggest that within our population ofFig. 4. Heterogeneous response of freshly isolated chondrocyte volume a
described using SCFM in control saline (including 1 mM Ca2þ, see Mate
hypotonic osmotic challenge, with simultaneous measurements of [Ca2þ
from images acquired every 0.5 s. Examples of the chondrocyte respons
cell exhibiting a rise in [Ca2þ]i but no RVD and (b) one cell demonstratin
exhibits a rise in [Ca2þ]i with ‘robust’ RVD and (d) one cchondrocytes there were at least two sub-populations
with different dependences on [Ca2þ]i for RVD.Mn2þ QUENCHING OF FURA-2 FLUORESCENCE DURING
HYPOTONIC CHALLENGE SUGGESTED THAT THE RISE IN
[Ca2þ]I IN SOME CELLS WAS DUE TO A CALCIUM INFLUXRemoval of [Ca2þ]o signiﬁcantly reduced the number of
cells showing a swelling-induced rise in [Ca2þ]i (Fig. 3) sug-
gesting that Ca2þ inﬂux from the extracellular solution, rather
than release from internal stores might be involved in the
response. To determine if Ca2þ entry was stimulated in the
hypotonic medium, the Mn2þ quenching technique was per-
formed45. This utilises the fact that Mn2þ passes through ac-
tivated Ca2þ channels, and quenches fura-2 ﬂuorescence
thereby proving that the source of the divalent cation was
from the extracellular solution. Figure 5 shows that in re-
sponse to a hypotonic challenge, for all cells there was an ini-
tial fall in ﬂuorescence emission fromEX¼358nm, indicating
fura-2dilutionandcell swelling. In somecells therewasacon-
tinued decrease in ﬂuorescence probably as a result of Mn2þ
entry, whereas in other cells therewas evidence of no volume
recovery or attenuated RVD possibly because the medium
was prepared with a very low [Ca2þ] concentration. When
comparing the number of cells that underwent RVD it was
found that 16.2% exhibited ‘robust RVD’ with a t1/2 of
13.37  4.0 min. This value was not signiﬁcantly differentnd [Ca2þ]i to hypotonic challenge. Cells were imaged as previously
rials and methods) and volume regulation studied following a 43%
]i in the same cells. All data points are shown with data extracted
e to a decrease in extracellular osmolarity are shown with (a) one
g neither a rise in [Ca2þ]i or RVD. Also shown are (c) when a cell
ell performing ‘robust’ RVD with no rise in [Ca2þ]i.
Fig. 5. Indirect evidence for Ca2þ entry in freshly isolated bovine
chondrocytes during hypotonic challenge. Freshly isolated chon-
drocytes in 380 mOsm medium were loaded with fura-2, and sus-
pended in low Ca2þ, Mn2þ-containing medium (no added Ca2þ,
no EGTA, Mn2þ ¼ 1 mM). Following the perfusion of chondrocytes
with the hypotonic challenge (380e220 mOsm as indicated) ﬂuo-
rescence emission from fura-2 at EX ¼ 358 was monitored using
SCFM. For all cells, after the osmotic challenge, there was a fall
in ﬂuorescence, corresponding to cell swelling, however, after
this, there appeared to be three cell populations (1) those that dem-
onstrated some clear recovery in ﬂuorescence (>, termed ‘RVD’),
(2) those that did not demonstrate any recovery in ﬂuorescence (:,
termed ‘no RVD’), and (3) those that demonstrated a rapid fall in
ﬂuorescence (,, termed Mn2þ quench). Data are from three inde-
pendent experiments, with 18, 16 and 10 cells in each population,
respectively.
Fig. 6. A transient rise in [Ca2þ]i induced by histamine does not
induce cell shrinkage in freshly isolated articular chondrocytes.
A steady recording of cell volume and [Ca2þ]i was obtained from
three chondrocytes using ﬂuorescent microscopy and fura-2 as de-
scribed (see Materials and methods) while the cells were perfused
with ‘control saline’ (380 mOsm). At the arrow, the perfusion solu-
tion was switched to one containing histamine (100 mM). Data are
from one experiment.
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and are therefore likely to be the same sub-population of
cells. These results show the heterogeneous response of
chondrocytes to hypotonic challenge, and suggest that the
rise in [Ca2þ]i in some chondrocytes must have come from
the extracellular solution and that some cells require a cal-
cium inﬂux for RVD.A RISE IN [Ca2þ]I DID NOT INDUCE CELL SHRINKAGEAnother manoeuvre to determine whether there was
a role for a rise in [Ca2þ]i in RVD, was to initiate a Ca
2þ
transient using a pharmacological agent, and determine
if this caused cell shrinkage. A steady recording of cell
volume was obtained by perfusing with ‘control saline’
and then this was changed to ‘control saline’ containing
histamine (100 mM) an agent previously shown to cause
a rapid rise in [Ca2þ]i with similar dynamics to those
reported here46,47. A transient rise in [Ca2þ]i was observed
which then returned to basal levels after w2 min, how-
ever, there was no detectable change in cell volume as in-
dicated by a stable 358 nm intensity throughout the
experiment (Fig. 6).Discussion
The work presented here demonstrates that freshly iso-
lated chondrocytes have the capacity for RVD followinga hypotonic perturbation that can be measured in parallel
with changes to [Ca2þ]i using the ﬂuorescent dye fura-2.
The decrease in extracellular osmolarity resulted in a rise
in [Ca2þ]i that did not always appear to correlate with the
onset of RVD suggesting either that it may not be involved
in mediating RVD or the existence of two or more cell pop-
ulations with different dependencies on calcium for volume
regulation. Following short-term monolayer culture, there
was no signiﬁcant change in the mechanism for RVD, how-
ever, the mechanism of the hypotonic induced rise in
[Ca2þ]i switched from one that was insensitive to Gd
3þ to
one that was inhibited by it. These data indicate a widely
heterogeneous cell population most likely attributed to the
zone from which the chondrocytes were derived and that
short-term monolayer culture can inﬂuence the mechano-
signalling pathway for RVD in chondrocytes.
The combined qualitative method of recording changes in
cell volume and [Ca2þ]i simultaneously using SCFM is
a powerful tool and by using fura-2 at the isosbestic point
w358 nm and a ratio of 358:380 nm it is possible to mea-
sure changes in cell volume and [Ca2þ]i simultaneously
27.
Furthermore, the use of SCFM can also be used to ensure
that there is correct loading of the ﬂuorophores whereby
there should be a positive linear correlation in the 358 nm
emission signal to changes in extracellular osmolarity indi-
cating that the dye is suitable for volume measurement by
ﬂuorescent imaging26. Prior to experimentation, cell prepa-
rations in this study were checked for viability using try-
pan-blue staining where it was found that it often
exceeded 95%. Furthermore, to ensure cell viability post
dye-loading, all cells were checked to have a stable 358
nm baseline (2 min) prior to experimentation as the plasma
membrane would become leaky in any non-viable cell and
so the intensity signal measured at 515 nm would fall.
These protocols combined to provide conﬁdence that the
methods for measuring cell volume and [Ca2þ]i were reli-
able and that any cells not demonstrating RVD or changes
in [Ca2þ]i were still viable.
Under control conditions (1 mM Ca2þ) and in response to
a 43% hypotonic challenge by perfusion, some chondro-
cytes were able to regulate their volume and in most cases
resulted in a >50% volume recovery in 10 min; termed
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by an ‘osmolyte channel’ of broad speciﬁcity and inhibited
by REV 5901 (Table I)29. Currently, little is known about
the signal transduction pathway(s) that regulates the RVD
response and so the experiments presented here examined
the possibility that either [Ca2þ]i or [Ca
2þ]o regulates the ‘os-
molyte channel’ and thus inﬂuences bovine articular chon-
drocyte RVD. It was noted that not all cells had the
capacity for RVD (termed ‘responding’ and ‘non-respond-
ing’) despite being viable as only w50% of freshly isolated
cells exhibited robust RVD. Upon closer inspection of the
‘non-responding’ group it was found that most cells did ex-
hibit weak RVD but did not reach 50% recovery within 10
min post hypotonic challenge (data not shown). When com-
paring the extent of cell swelling and the changes in [Ca2þ]i
for the two populations there was no signiﬁcant difference
(Fig. 2) suggesting that RVD may not be dependent upon
a change in [Ca2þ]i and that there was a delay between
the detection of the osmotic challenge and the onset of
RVD due to equal cell swelling. Conversely, upon the re-
moval of [Ca2þ]o and in the presence of 2 mM EGTA there
was a signiﬁcant decrease in the percentage of cells exhib-
iting robust RVD (Table I) that would imply a calcium depen-
dent RVD response for some cells as only w20% of cells
still exhibited robust RVD. A pre-incubation with Gd3þ
(inhibitor of stretch-sensitive channels)14 had no effect on
either cell swelling, % cells responding or volume recovery
after 10 min and therefore suggests that stretch-activated
calcium changes were not involved in the RVD response
(Table I). It is important to note that whilst these data
strongly suggest the non-involvement of these channels,
Gd3þ is not entirely speciﬁc and does affect other mem-
brane transporters35,36. Taken together these data suggest
that despite being removed from the ECM, there were at
least two populations of chondrocytes exhibiting robust
RVD with different dependencies on extracellular calcium
for RVD such that one population (w40% of the population)
required calcium whereas another population (w20% of the
total population) did not.
As some chondrocytes appeared to be dependent upon
a hypotonic induced rise in [Ca2þ]i we employed SCFM
as it is possible to observe simultaneously the relationship
between [Ca2þ]i and volume in individual cells that may oth-
erwise be ‘hidden’ in cell population studies31. In response
to a hypotonic challenge, approximately 65% of cells ex-
hibited a rise in [Ca2þ]i that was not inhibited by Gd
3þ but
was signiﬁcantly attenuated by the removal of extracellular
calcium plus the addition of 2 mM EGTA (Fig. 3). The fact
that Gd3þ did not inhibit the rise in [Ca2þ]i does appear to
conﬂict with a previous study although it is possible to sug-
gest an explanation31. Here we studied cells that exhibited
50% RVD whereas in the previous population study all
cells irrespective of RVD capacity are recorded. It is there-
fore possible that whilst this study is concerned with a pop-
ulation of cells that exhibit robust Gd3þ-insensitive RVD this
may be ‘masked’ in a population-based study of changes in
[Ca2þ]i in response to a hypotonic challenge. The capacity
for RVD and the changes in [Ca2þ]i were correlated and
upon further examination of individual cells, the calcium re-
sponse appeared heterogeneous whereby some cells ex-
hibited RVD with no changes in [Ca2þ]i whereas other
cells exhibited a rise in [Ca2þ]i but no RVD (Fig. 4). As
discussed above, this would suggest the presence of chon-
drocyte sub-populations, an observation that was further
supported using the Mn2þ quench technique (Fig. 5). An ad-
vantage of using fura-2 to measure the chondrocyte re-
sponse to a hypotonic challenge is that it is possible toemploy the quench technique whereby Mn2þ inﬂux binds
to fura-2 and quenches the ﬂuorescence at all three excita-
tion wavelengths48,49. Using this technique it was possible
to discern between cell swelling, calcium inﬂux and cal-
cium-independent RVD (Fig. 5). This technique revealed
the presence of at least two clear populations whereby
some cells performed RVD (suggesting no calcium entry
and therefore no quench) whereas another population con-
tinued to quench suggesting the opening of calcium
channels.
The data presented here imply the existence of at least
two sub-populations of chondrocytes with different depen-
dencies on [Ca2þ]i for RVD, and it is conceivable that this
may relate to the zones from which they were isolated. Pre-
vious studies have shown that there are morphological and
functional differences between the four principal zones of
articular cartilage and this may also be true for the capacity
for volume regulation or changes in [Ca2þ]i
30,50. Interest-
ingly, as no differences in the rate of RVD was found be-
tween cells that exhibited a rise in [Ca2þ]i and those that
did not there is also the possibility that the changes in
[Ca2þ]i were not involved in volume regulation and instead
be part of another cell process. One possibility is the control
of the actin cytoskeleton as it has long been known to be
regulated by calcium51e53. Within articular cartilage the or-
ganisation of the polymerised actin cytoskeleton differs be-
tween zones that most likely reﬂect the forces each zone
perceives54,55. It is therefore conceivable that chondrocytes
towards the cartilage surface will need to exhibit robust
RVD and an ability to quickly re-polymerise the actin cyto-
skeleton in response to a hypotonic challenge to maintain
a viable structure to protect against the shearing forces as
a result of joint articulation. Conversely, chondrocytes in
the mid and deep zones mostly perceive compressive
forces have a lower Young’s Modulus and less cortical ac-
tin. These cells, whilst still need to maintain an optimal cell
volume many not need to exhibit robust RVD and actin re-
covery following a hypotonic challenge.
As a consequence of short-term monolayer culture we
observed the well-described change in chondrocyte mor-
phology whereby the cells appeared more ﬁbrobla-
stic9,56e58. The capacity for RVD was studied in response
to a hypotonic challenge using calcein AM as we have pre-
viously shown fura-2 not to be suitable for measuring cell
volume in ﬂat cells26. In response to the decrease in osmo-
larity there was an increase in cell volume and some cells
subsequently underwent RVD. When comparing the rate
of volume recovery to freshly isolated cells there was no
signiﬁcant difference and RVD was inhibited by REV 5901
suggesting the same pathway (Table I). As previously ob-
served Gd3þ had no effect on RVD whereby maximal swell-
ing, rate and recovery where not signiﬁcantly different to
control cells. When comparing the effect in a hypotonic
challenge on [Ca2þ]i it was found that w50% of cells ex-
hibited a rise that was signiﬁcantly inhibited by Gd3þ and
prevented by the removal of extracellular calcium (Fig. 3).
The observation that during 2D culture the sensitivity of
the calcium rise changes from one that is insensitive to
Gd3þ to one that is inhibited by it was surprising as it has
previously been reported to inhibit RVD in BACs23. One
possible explanation for this observed difference is that
the previous study was performed on monolayer cultured
chondrocytes that had been trypsin-passaged and then per-
mitted to recover for w45 min prior to experimentation
hence retaining a spherical morphology. Conversely, here
we used cells that had been cultured, trypsin-passaged
onto coverslips and allowed to attach for 18 h prior to
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differences in the Gd3þ effect may reside with the organisa-
tion of the actin cytoskeleton, the viscoelastic properties of
the cell and the subsequent regulation of membrane trans-
porters. A study on human gingival ﬁbroblasts has previ-
ously shown that mechanical stretch induced a rise in
[Ca2þ]i that decreased following actin polymerisation (as
a result of increasing time post-passage) and thus an
increase in membrane rigidity59. In human articular chon-
drocytes, actin microﬁlaments have been directly linked
to the viscoelastic properties of the cell whereby the depo-
lymerisation of the actin cytoskeleton by cytochalasin DFig. 7. Proposed model for volume regulation by freshly isolated and 2D c
that the mechanism for volume regulation and the associated rise in [Ca2
on the left of the diagram) the methods of calcium entry are via a Gd3þ-ins
by the data in Fig. 3, the principal pathway for calcium inﬂux is via a Gd3
Gd3þ-sensitive channel (indicated by the lightly shaded transporter). The
cells is required for RVD. In freshly isolated chondrocytes RVD is mediate
be activated by two pathways one dependent upon calcium and the other
pathway appears to be dependent upon calcium. In 2D cultured chondr
mechanism for RVD and also the rise in [Ca2þ]i. As shown in Fig. 3, Gd
the principal pathway for calcium entry is via a Gd3þ-sensitive channel
the presence of 2 mM EGTA the rise in [Ca2þ]i was completely ablated
Gd3þ (5; indicated by the lightly shaded transporter) and responsible fo
5901 and therefore mediated by the same osmolyte chadecreased both stiffness and viscosity7,60. It is therefore
conceivable that in response to the same hypotonic chal-
lenge, freshly trypsinised and 2D attached chondrocytes
would respond differently due to differences in apparent
membrane stretch and the organisation of the actin
cytoskeleton.
Using the data from this study it is possible to suggest
a model for RVD in bovine articular chondrocytes (Fig. 7).
Freshly isolated chondrocytes (Fig. 7, left) respond to a hy-
potonic challenge with a rise in [Ca2þ]i mediated via a Gd
3þ-
insensitive calcium rise that is required for RVD in some
cells. RVD is mediated via a REV 5901-sensitive ‘osmolyteultured chondrocytes. The data presented within this study indicate
þ]i changes during culture. In freshly isolated chondrocytes (shown
ensitive channel (1) and a Gd3þ-sensitive channel (2). As indicated
þ-insensitive channel (indicated by a thick line) and less so via the
re is a release of calcium from an intracellular pool (3) that in some
d by a REV 5901 sensitive osmolyte channel (4) and this appears to
calcium independent. In freshly isolated chondrocytes the principal
ocytes (shown on the right of the diagram) there is a switch in the
3þ signiﬁcantly inhibited the rise in [Ca2þ]i therefore indicating that
(4; indicated by a thick line) and this is a result of cell-culture. In
therefore indicating a second calcium inﬂux channel, insensitive to
r the remaining rise in w20% of cells. RVD was inhibited by REV
nnel as seen in freshly isolated chondrocytes (6).
321Osteoarthritis and Cartilage Vol. 16, No. 3channel’ and does not appear to be activated by membrane
stretch (Gd3þ insensitive). Conversely, as a result of short-
term culture (Fig. 7, right) the rise in [Ca2þ]i switches to one
that is Gd3þ-sensitive whereas RVD is still mediated by the
Gd3þ-insensitive ‘osmolyte channel’. RVD is essential for
the regulation of cell volume and the subsequent organisa-
tion of the actin cytoskeleton. Furthermore, as changes in
extracellular osmolarity and consequently cell volume
have previously been shown to inﬂuence matrix synthesis,
this will have a signiﬁcant impact on the integrity of the
ECM3,7,61. The mechanism for volume regulation remains
to be elucidated and this study shows that the signalling
pathway involved is inﬂuenced by cell morphology and po-
tentially the cell actin cytoskeleton.Acknowledgements
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